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Introduction
Hydrogen is seen as an energy carrier of the future and significant amount of research on hydrogen generation, storage and utilization is accomplished around the world. A number of new technologies utilizing hydrogen have emerged lately and most of them are near commercialization. However, an appropriate intermediate step before the wide acceptance of hydrogen would be blending conventional fuels such as natural gas, oil, diesel, etc. with hydrogen. A hybrid hydrogen generator / gas fired furnace was developed and its performance was accessed in a residential application. The goal was to identify and mitigate the risks and potential changes in performance characteristics of the combustion appliances while they were fed with a variety of hydrogen/natural gas mixtures.
The project was executed in two phases as the first phase included a Hazard Operational Analysis (HAZOP) paper study followed by system installation and evaluation in laboratory environment. The electrolyzer was integrated with a residential high efficiency gas furnace and hybrid system performance was evaluated under a variety of typical steady-state and cycling conditions. The laboratory research included: mapping the hybrid system's performance while replacing up to 25% of natural gas flow with hydrogen, design and development of advanced control system for safe system operation and introduction of means for safe and effective hydrogen/natural gas mixing before combustion.
After completing the laboratory tests the hybrid system was installed and evaluated at the twin house facility of the Canadian Centre for Housing Technology. The objective was to gain data from the hybrid system performance while subjected to the "real life" environment and compare the performance to a conventional heating system.
Canadian Centre for Housing Technologies
Built in 1998, the Canadian Centre for Housing Technology (CCHT) (www.cchtcctr.gc.ca) is jointly operated by National Research Council (NRC), Natural Resources Canada (NRCan), and Canada Mortgage and Housing Corporation (CMHC). CCHT's mission is to accelerate the development of new technologies and their acceptance in the marketplace.
The Canadian Centre for Housing Technology features twin research houses to evaluate the whole-house performance of new technologies in side-by-side testing Figure 1 . The houses were designed and built by a local builder to the R-2000 standard. The houses feature a popular model currently on the market in the Ottawa region, and were built with the same crews and techniques normally used by the builder. The twin houses characteristics are presented in Table 1 . The CCHT twin houses are fully instrumented and are unoccupied. To simulate the normal internal heat gains of lived-in houses, these houses feature identical 'simulated occupancies'.
Methodology
The electrolyzer was evaluated using a side-by-side testing procedure First, the twin houses were compared in identical configuration to establish a benchmark. Periods of benchmarking were spread throughout the heating season to establish consumption and temperature relationships between the two houses over a range of outdoor conditions. Following benchmarking, one house remained unchanged, referred to as the "Control House", and the electrolyzer was connected to the furnace into the second house, the "Experimental House". The differences between the operation of the Experimental House with and without the electrolyzer were then quantified, using the Control House as a reference. Following the experiment, the houses were returned to benchmarking conditions to ensure that no changes occurred to the house setup during testing. 
Hybrid System Set up
The system tested in CCHT consisted of HmaxCell TM C5 electrolyzer and Olsen (GTH-50) high-efficiency condensing natural gas furnace integrated with check valves, pipes and flame arrester and allowed the two fuels to meet at a mixing section before entering the furnace. The set up of the hybrid system is shown in Figure 2 .
Electrolyzer
The electrolyzer HmaxCell TM C5 is capable of providing 1.8 litres per minute of hydrogen continuously and up to approximately 2.4 litres per minute for up to 20 minutes (capacity 0.11Nm3/h to 0.21 Nm3/h and standard purity of 99.7%). The power consumption ranges from 4.90 to 5.64 kWh/Nm3 and the distilled water feed rate is between 0.084 and 0.168 L/h. The electrolyzer stores hydrogen at up to 7.08 bar g (708 kPa gauge). The supply is controlled by a needle valve and a regulator that reduces the pressure to approximately 0.25 bar g (25 kPa gauge).
Furnace
The furnace used in the project was a conventional high-efficiency condensing natural gas furnace (Olsen model GTH-50). Its natural gas fuel input is specified as 14.65 kW and its output 13.63 kW, which represents an efficiency of 93%. At heating mode, the blower supplies 39.86 m 3 /min of air to the house. At continuous circulation mode of operation it supplies 23.35 m 3 /min of air. Electrical signals were sensed from the gas valve's electronics to provide automatic control of the hydrogen supply. The furnace start-up sequence begins with pre-purge operation of the combustion air blower, followed by hot surface igniter activation, gas valve operation (and ignition of the gas) and finally operation of the circulating blower that moves the air in the building heating system. On shutdown, the fuel supply is ended, then the combustion air blower shuts down after a delay to carry out post-purging and lastly the building air circulation blower shuts down.
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Figure 2 -Hybrid system in the Experimental house at CCHT
Natural Gas and Hydrogen Supply
Natural gas was supplied from the regular residential gas line. It was fitted with a ball shut-off valve and a check valve to prevent any possible back-flow of hydrogen. It then joined the hydrogen supply. Natural gas used had a heating value 37.44 MJ/m 3 HHV (101.325kPa, 15ºC) and the gas pressure was 1.7 kPa gauge (7"H2O). The hydrogen supplied to the furnace was at a pressure of 20.67kPa (gauge) to 34.47kPa (gauge) with a volumetric flow rate of 2.08 L/min. The hydrogen supply to the furnace follows a line that led to the following devices: an electrically operated solenoid valve, a backcheck valve and a flame arrester. It then met the natural gas supply in a "T" junction contained a metal helix to promote better natural gas/hydrogen gas mixing. The natural gas/hydrogen gas blend then entered the furnace combustion system in conventional fashion.
Control Logic
The electrically-operated valve that controlled the hydrogen supply to the furnace was opened by a logic circuit that executed "and" control logic: all conditions have to be met for the valve to open. The first condition was a position of the switch that enabled the operator of the system to control the hydrogen input. If this switch was closed, two further conditions had to be met: The "smart valve" that controls the gas supply to the furnace must be open, and the circulating blower motor for the building air must be running. When all these conditions were met, there was an adjustable time delay before the hydrogen valve was opened. The operator's switch was left in the "on" position during furnace cycles, with the net effect of the hydrogen line turning on shortly after the entire furnace start up process was complete, and turning off immediately as the shutdown process began.
Results
The efficiency of the Control House's furnace was 93.3%. The calculated efficiency of the Experimental House's furnace was 92.7% while burning natural gas and 93.2% when burning blended 7%vol hydrogen and natural gas fuel. These calculations revealed a slight increase of 0.5% efficiency when the hydrogen was supplemented. The hydrogen accounted for 3.2% of the higher heating value (HHV) of the fuel that was burned during the testing. The heat output of the furnace decreased by 2% when the hydrogen was introduced due to the lower heating value of hydrogen (12.08MJ/m 3 ) compared to the natural gas (37.44MJ/m 3 ). Two tests in the Experimental House were done sequentially, first without and then with hydrogen. The test with hydrogen added led to slightly higher flue gas and combustion air temperatures. The temperature per kW increased from 1.99 without hydrogen to 2.18 with hydrogen while it was 2.16degree/kW in the Control House. The furnace condensation in the Control House was 13.5% lower with decreased natural gas flow. The difference in the furnace efficiency in the Experimental House with and without hydrogen was 0.5%, which is directly related to the reduced amount of condensation collected during the efficiency tests.
The excess air calculation shows similar values of 81% for the two furnaces when burning natural gas. The excess air increases to 84% with the addition of hydrogen, since less oxygen is required to burn hydrogen compared to natural gas. The measured CO 2 emissions decreased by 7% when the hydrogen was added to the fuel, which is a direct consequence of 7% less natural gas being burned.
The daily electrical consumption of the Experimental House furnace is an indication of the auxiliary energy use Figure 3 . If the houses are completely identical, the benchmark trend line should have a perfect slope of 1 and an intercept of 0. The actual benchmarking trend line, plotted in blue, comes very close to this ideal: with a slope of 0.995 and intercept of 0.064. A similar trend is seen by the electrolyzer data, plotted in pink. The slope of the experiment trend line is 1.018, with an intercept of -0.133. A similarity between the two trend lines indicates that although the Experimental House furnace was being supplemented by hydrogen, its electrical consumption remained similar to the benchmark condition. This is also an indication that the furnace spent a similar amount of time in heating mode with and without the hydrogen supplement from the electrolyzer.
In the Experimental House, the total heating system electrical consumption is a sum of furnace and electrolyzer electrical consumption. During the experiment, the added electrical consumption from the electrolyzer ranged from 2.12 kWh/day to 5.12 kWh/day, with an average of 3.37 kWh/day. A decrease in daily furnace natural gas consumption was recorded, as a result of the supplement of hydrogen from the electrolyzer. This decrease occurred across the full range of experiment conditions, ranging from 9.9 to 13.0 MJ of savings per day. The average decrease in natural gas consumption was 11.0 MJ/day over the testing period. At low heating loads, the benchmark system and hybrid system trends are similar: the savings in gas consumption being made up for almost exactly by the increased electrolyzer electrical consumption. The two trend lines begin to diverge at high heating demands, the hybrid energy system setup requiring more total energy than the benchmark at high heating loads.
The natural gas consumption, electrical consumption and total energy consumption trends were used to estimate the savings and consumption increases of the hybrid system over full range of average outdoor temperatures. Over the 10°C to -25°C outdoor temperature range, gas savings can be expected to increase from 10.2 MJ/day to 17.3 MJ/day. Added electrical consumption grows with the increased demand for hydrogen gas, rising from 2.37 kWh/day to 10.41 kWh/day as the outdoor temperature is decreased. The net result is an increase in total heating consumption for temperatures at and below 5°C. The net increase is the highest on the coldest day of the analysis, -25°C, when the electrolyzer would be expected to cause the Experimental House heating system to consume an additional 22 MJ/day.
Given the daily average temperatures for a typical heating season in Ottawa (2002) (2003) , the temperature-consumption relationships can be applied to predict the total seasonal consumption and savings. During this season, it is predicted that the Experimental House with high efficiency furnace would consume approximately 2154 kWh of electricity, and 51692 MJ of natural gas. The use of the electrolyzer would add approximately 1132 kWh of electrical consumption, while saving approximately 2753 MJ of natural gas.
Economic Analysis
Over the test period, the use of the electrolyzer resulted in an average daily reduction in furnace natural gas consumption of 11.0 MJ/day. The electricity required to produce the hydrogen added to the total heating system electrical consumption, consuming on average an additional 3.4 kWh/day. While this results in a net increase in heating energy consumption of 1.2 MJ/day, at current gas and electricity prices the increase in cost is approximately 6.5 cents/day. The trends developed during the experiment indicate that as the heating load increases with colder weather, the daily natural gas savings and the electrolyzer electrical consumption both increase. For a cold day with an average outdoor temperature of -25°C, the trends predict a natural gas savings of 17.3 MJ/day, and an increased heating system electrical consumption of 10.4 kWh/day. The net increase in heating energy consumption would be approximately 20 MJ/day, with a net increase in heating costs of 35.8 cents/day at current prices. Cold weather testing is required to confirm these predictions.
To better illustrate the economic analysis of the hybrid electrolyzer-furnace system, Figure 4 compares the electricity prices required at varying outdoor temperatures to make the system favourable. This comparison was done using the current natural gas price of 0.35 $/m 3 . These calculations show that the coldest outdoor temperatures, when the most electricity is required, would need the price of electricity to drop to 0.016$/kWh for economic favourability. At 10°C, the electricity prices need only drop to 0.04$/kWh to favour the hybrid electrolyzer-furnace system. Seasonal calculations were performed to predict the added electrical consumption and resultant gas savings of operating the Experimental House furnace with the electrolyzer. These calculations revealed that an additional 1132 kWh of electricity would be required to produce 2753 MJ of gas savings during the 2002-2003 Ottawa heating season. At current gas and electrical prices, the added seasonal cost of operating the system would be $30.86.
The same relationship can be used to identify the conditions for profitability. In order for the electrolyzer running in the test configuration to provide an overall profit during the heating season in the CCHT Experimental House, the cost of gas (in $/m 3 ) must be greater than 15.4 times the price of electricity (in $/kWh). 
Conclusions
A hybrid furnace-electrolyzer energy system was successfully installed and tested at the CCHT Experimental House. A hydrogen generator incorporating an inexpensive stack was integrated with and fed hydrogen to a high efficiency furnace replacing 9% of the natural gas fuel. During the testing period the hybrid system was able to meet and to satisfy house space heating demands. The electrolyzer emitted waste heat that was circulated throughout the house and assisted in meeting its thermal load. Since the furnace on time per cycle was still higher than the one in Control House, the radiative heat was not enough to compensate for the decreased heating value of adding hydrogen to the natural gas fuel. During the testing period the electrolyzer produced an average savings of 11.0 MJ/day in furnace natural gas consumption, and an average increase of 3.37 kWh/day in heating system electrical consumption. Savings in gas consumption were highest on the days with the largest space heating demand. Added electrical consumption was also highest on these days, due to the increased electrolyzer operation to meet the heating demand. Average daily outdoor temperatures during the experiment were typical of spring conditions, ranging from -2.7°C to 12.7°C. Results were extrapolated to predict the system operation during extreme cold winter conditions. At an average outdoor temperature of -25°C, it is predicted that operating the furnace with the electrolyzer will save approximately 17.3 MJ of natural gas per day. Electrolyzer operation will require an additional 10.4 kWh/day of electricity on top of the normal furnace electrical demands. The net result would be an increase in the overall heating system consumption of approximately 22 MJ/day.
